Metamaterials are artificially designed media that show averaged properties not yet encountered in nature. Among such properties, the possibility of obtaining optical magnetism and negative refraction are the ones mainly exploited but epsilon-near-zero and sub-unitary refraction index are also parameters that can be obtained. Such behaviour enables unprecedented applications. Within this work, we will present various aspects of metamaterials research field that we deal with at our department. From the modelling part, we will present tour approach for determining the field enhancement in slits that have dimensions in the 10 4 times smaller than the incident wavelength. This huge difference makes it almost impossible for commercial software to handle thus analytical approached have to be employed. From the fabrication point of view, various 2D and 3D high resolution patterning techniques are used. The talk will describe the ones available within our group. We will present the electron-beam lithography approach for fabricating nano-antennae to be used in coupling of plasmonics waveguides to/from free space. Also, a 3D technique based on twophoton-polymerisation and isotropic metal deposition to fabricate metal-covered 3D photonic crystals will be discussed. From the measuring side we will present two THz based setups for obtaining material's characteristics, both in the low as well as in the high THz range, thus having the possibility of describing a material from 0.1 to 10THz.
Metamaterials modelling, fabrication and characterisation techniques
Radu
INTRODUCTION
Nanostructured MMs have demonstrated light traps for thin-film solar cells (plasmon-enhanced solar cells) 1 , THz lasing in active metasurfaces based on plasmonic graphene structures 2 , enhancement of the irradiative heat transfer in thermo photovoltaic systems 3 and solar troughs 4 , protein nanosensing (plasmonic nanowire media for new bulk SERS schemes) 5 , UV lasing 6 , nanosensing of bacteria by field-enhanced fluorescence (plasmonics metasurfaces) 7 , coherent 2 nd harmonic generation based on nonlinear bulk MMs 8 , etc. Numerous microwave applications of microstructured MMs are summarized in 9 . However, there are several aspects still to be taken into consideration before industrial implementation of such structures. For example, the analysis of electromagnetic properties of MMs and retrieval of their effective macroscopic parameters still face serious difficulties 10 , and the progress in their implementation on the level of industrially adapted devices is hindered by the lack of systematic characterisation procedures of new MMs. The most important current issues are the physical meaning and experimental determination of electromagnetic material parameters (EMP). Other parameters are related to sample geometry, chemical composition, thermal conductivity, etc. and can be determined relatively easily using conventional techniques. The situation with the EMP of MMs is more complicated: if the standard procedures which require a negligible optical distance between adjacent atoms are applied to MMs, they tend to provide inaccurate EMPs which violate the basic constraints imposed by passivity and causality. It has recently also been recognised that tailoring the nano and microstructure may enhance a great diversity of nonlinear effects, though their exploration is still in the nascent state 
TERAHERTZ CHARACTERISATION OF CHALCOGENIDE GLASSES
The first optical characterization of chalcogenide glasses (ChGs) in the infrared region was reported approximately six decades ago 12 . Since then there were enormous advances in implementing them in optical devices 13 due to their unexpected combination of properties: high refractive index, mid-infrared transparency and high nonlinearities 14, 15 .
On the other hand, there was a significant progress in generating and detecting terahertz (THz) radiation to be used in various spectroscopy applications [16] [17] [18] [19] . For further development of the field, new THz components should be fabricated. In this quest for novel functional THz components, ChGs may act as the active material for non-linear devices. However, in order to be used for at large scale, it is essential to measure their optical properties in this frequency range.
In our investigation, we concentrated on the As 2 S 3 chalcogenide glass due to its large use in the IR range. It was thermally deposited on 528µm thick, 2 x 1 cm silicon (Si) wafer pieces with resistivity of 10000 Ω-cm. The target material was prepared from high purity As and S elements using conventional melt-quenching techniques. The evaporation parameters were decided such that to obtain a film deposition rate of 2.5-3.0nm/s. One half of the highresistivity (HR) Si dice was covered with glass, whereas the uncovered area was used for the reference measurement. Three samples with different thicknesses were prepared: 13.6µm, 6.9µm and 3.2µm. We used different thicknesses in order to control and check the restoration procedure. We follow the extraction procedure described by Duvillaret et al. 20 , where the Fabry-Perot interference patterns were taken into account.
The samples were characterized by two THz-TDS systems in transmission configuration. In figure 1 the two setups are presented. For characterizing the samples at low frequencies, a classic THz-TDS setup is used while at high frequency ranges the THz-ABCD system was used 21 .
The results obtained are presented in figure 2. The THz spectrum of As 2 S 3 shows some interesting characteristics. In the low frequency range, up to 4THz, the refractive index monotonically decreases from 2.74 until 2.67. This anomalous dispersion, although with slightly higher values, was also reported by Parrott et al. 22 . The absorption coefficient increases monotonously from 1.2 to 200cm -1 in the same frequency range. At intermediate frequencies, ranging from 4.5 THz to 7 THz, the As 2 S 3 refractive index displays four pronounced resonances with refractive indices oscillating between 2.6 and 2.7. These dispersion resonances are constant with respect to positions and amplitudes for samples with different The terahertz pulse is emitted by a photoconductive switch, which is able to generate terahertz radiation in a range of 0.2-2.5 THz (b) THz-ABCD setup. By focusing a 35fs laser pulse, its second harmonic plasma can be generated, which produces a terahertz pulse with a broad frequency range 2-18 THz. OPM: off-axis parabolic mirror, BS: beam splitter, BBO: β-barium borate, PMT: photomultiplier tube.
thicknesses, as shown in the inset of Fig. 2 . At high frequencies the refractive index dispersion exhibits three very strong resonances. The refractive index first increases to 3.3 at 9 THz, then abruptly drops to 1.7 at 11.6 THz, and finally settles at a value near 2.2 above 14 THz. Associated with the strong dispersion are three very strong absorption peaks in the region 8.5-12 THz with the highest absorption coefficient increasing up to >3700 cm -1 . We assign these resonances to the vibrational modes of the As-S compounds. The very strong resonances are sandwiched between two transparency windows at 7.2-8.5 and 12-13 THz, where the absorption coefficient is measured to be as low as 10 cm -1 . This observation indicates that transmission windows exist in As 2 S 3 , with a bandwidth of several hundred GHz. We observe good quantitative agreement between the spectra obtained with the two experimental setups on the various As2S3 samples.
AB-INITIO CALCULATION OF TERAHERTZ FIELD ENHANCEMENT IN NANOSLITS
Several publications have presented high field enhancement in metallic nanoslits when illuminated by THz radiation [23] [24] [25] [26] [27] [28] . The field enhancement values vary from 170 up to 1000 or even higher. Surprisingly, the highest field enhancement happens in isolated non-resonant slits at low frequency 26 . In order to explain this results, we used the Drude-Lorenz theory of electrons in metal and built an analytical model of the THz field enhancement in the nano-sized slits. According to this theory, an electron in the metal film illuminated by a plane wave is affected by several forces: driving force eE(inc), friction force -mγdξ/dt, and screening force F as a result of pushing back electrons by the electrical forces of the displaced charges, where ξ is the electron displacement, γ is the collision frequency, e and m are electron's charge and mass, respectively. A detailed description of our model can be found in 29 .
Using the proposed model, we demonstrated that, although the single slit enhancement has a 1/f dependence, the case of periodic arrangement is governed by a different, albeit very close to, law 29 . We believe this is due to the excitation of plasmons in corrugates structures thus the slits are coupled and so the governing law has extra elements.
NANOANTENNA FOR COUPLING OF OPTICAL FIBRE MODES INTO A PLASMONIC SLOT WAVEGUIDE
Plasmonic slot waveguides 30 have the advantage of ensuring provide both subwavelength mode confinement and propagation length on the order of tens of micrometers. Such characteristics allow them to be prime candidates for highdensity optical circuits and interconnect 31 . However, the high confinement comes with the disadvantage of extremely difficult coupling from the free space or optical fiber into the waveguide or viceversa. We provide a systematic approach to design an efficient, broadband and compact dipole antenna nanocoupler for the telecom range around 1.55µm wavelength. The configuration is a vertical coupling one and we simulated the structure using a realistic excitation as if directly from an optical fiber.
The simulation and optimization were performed using CST Microwave Studio 32 . Due to the complexity of the structure, and the necessity for 3D simulations, we chose a simulation domain size of 10.5×1.1×6µm 3 . The typical time for one simulation with a 12-core processor was 5minutes. The nanoantenna and waveguide of thickness T = 50nm were made from gold, which was considered as a Drude metal with plasma frequency ω P = 1.37×10 16 s -1 and collision frequency ω C = 8.0×10
13 s -1 (taken from 33 ). The metallic structures were embedded in silica (refractive index n = 1.47). The silica substrate below the waveguide was considered as infinite. The silica thickness above the waveguide was 250nm. The symmetric configuration of the waveguide (silica substrate and superstrate) ensured absence of power transfer from slot plasmons to surface plasmon polaritons. The excitation source was placed in vacuum 300nm above the silica surface. The excitation spot had a Gaussian profile with the effective diameter (at 1/e 2 intensity level) of 2.5µm, which corresponds to the area of 4,9 µm 2 . Such spot size can be easily achieved with commercially available lensed fibers. 34 After we decided for the best parameters to be used in fabrication, we employed electron beam lithography techniques in order to manufacture the obtained design. In figure 5 the fabrication results are presented. Due to measurement reasons, we decided to fabricate only the antennae without bottom reflectors 34 .
DEPOSITION OF THIN METAL LAYERS ON 3D STRUCTURES
Deposition of thin, smooth metal layers on three-dimensional structures is one of the challenges within the thin film deposition field. Such structures have been proved to be extremely useful in a number of research fields and applications ranging from the Raman spectroscopy to metamaterials, from electronics to medicine. More specifically, correctly conceived metal covered surfaces can enhance the Raman spectra with several orders of magnitude. 35 Using deposition of metals from solution, one can obtain new ways for connecting the various components of electronic circuits. 36, 37 The miniaturisation of such circuits leads to increased requirements in the control of the deposition characteristics. Metal covered spherical particles have huge potential for several applications. 38 In the nano-optics 3D metal-dielectric composites are the principal structural parts in new materials exhibiting extraordinary optical properties. [39] [40] [41] [42] [43] The electroless technique is based on the existence of a metallic complex dissolved into a solution and then its reduction to the constituent metal at structure's surface. 44 Some features are generated by the liquid environment that this technique needs, thus making it both cheaper for utilization and less sensitive to dust particles. The equipment used can be found in virtually any chemical laboratory making its implementation extremely easy and cheap. Another important advantage of the electroless deposition is that the method is intrinsically isotropic; therefore, it offers the possibility of metal deposition on 3D structures irrespectively to its shape and topology. Also, using such technique one can, by selectively treating the sample, control where the deposition takes place. Hence, in principle silver can be deposited only at prescribed locations. 45 Unlike the conventional metal deposition techniques that are limited to low aspect-ratio structures (evaporation, sputtering) or need a conductive substrate (electrochemical growth), the electroless method can be used for depositing metal on almost arbitrary aspect-ratio patterns and substrates. This characteristic allows the use of such method to cover and fill in topologically complex 3D patterns and profiles and also create high-aspect ratio metallised structures on dielectric substrates. We first optimised the process for a flat surface. Following this optimisation we deposited a silver layer on a structure with 3D topology. As a sample for thorough checking of deposition on volumetric structures with complex profiles we chose a 2PP polymer woodpile. 46 This way we were able to check both the Ag deposition on structure's sidewalls as well as in the bulk volume deep inside it. The woodpiles are 100x100 μm and have a height of about 2 μm corresponding to 2 periods (8 single layers) of the lattice. Sizes of the bar cross-section are 150x150 nm. Such woodpiles possess a face centred tetragonal lattice. We immersed them into the deposition bath for 2 minutes. This produces approximately 50nm-thick regular silver covering of the woodpiles surfaces. Results of the silver deposition are presented in figure 6 . The Ag layer is deposited not only on the top of the structure but also on its sidewalls. Upon inspecting the metallised structure at higher magnification (Fig. 6(b) ) we can observe the presence of the silver layer inside the bulk structure as well. The layer quality when depositing on a 3D structure is different from the one on a plane silica surface. We believe that this dissimilarity is mainly due to the modified surface chemistry of IP-L polymer used in the 2PP fabrication of the 3D samples. 47 
